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In  for  ma  tion stored in flash mem  o  ries is phys  i  cally rep  re  sented by the ab  sence or pres  ence of
charge on elec  tri  cally iso  lated float  ing gates. In  ter  ac  tion of gamma rays with the in  su  la  tors
sur  round  ing the float  ing gate pro  duces ef  fects that de  grade the prop  er  ties of mem  ory cells,
pos  si  bly lead  ing to the cor  rup  tion of the stored con  tent. The cu  mu  la  tive na  ture of these ef  -
fects is ex  pressed through the to  tal ion  iz  ing dose de  pos  ited by the gamma rays in the in  su  la  -
tors sur  round  ing the float  ing gate. Re  ly  ing on both the  ory and ex  per  i  ment, we ex  am  ine how
the prop  er  ties of cells in com  mer  cially avail  able flash mem  o  ries af  fect their sen  si  tiv  ity to
gamma rays. Mem ory sam ples from sev eral man u fac tur ers, cur rently avail able on the mar ket,
can be com  pared with re  spect to data re  ten  tion un  der gamma ray ex  po  sure.
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IN TRO DUC TION
Flash mem o ries have be come a dom i nant type of 
non-vol a tile  mem ory  in  many  ap pli ca tions,  some  of
which re  quire elec  tronic parts to op  er  ate in ra  di  a  tion
en vi ron ments.  In  re cent  years,  even  the  ap pli ca tions
that re  quire rad-hard elec  tronic com  po  nents rely on
com  mer  cially avail  able chips, se  lected by de  tailed
sur vey  pro ce dures.
The  in ter ac tion  of  ra di a tion  with  the  in su la tors
sur  round  ing the float  ing gate (FG) de  grades the prop  -
er  ties of mem  ory cells, pos  si  bly lead  ing to the cor  rup  -
tion of the stored con tent, per for mance im pair ment, or
loss of func  tion  al  ity. The ex  tent of the ef  fects that
gamma rays, X-rays or light charged par  ti  cles (e. g.
elec  trons and pro  tons) tra  vers  ing a flash mem  ory cell
ar  ray pro  duce, de  pends pri  mar  ily on the ab  sorbed
dose. These ef  fects are con  se  quently termed to  tal ion  -
iz  ing dose (TID) ef  fects. The func  tion  al  ity of flash
mem o ries be gins to fail as TID ac cu mu lates [1-3]. Ra -
di a tion-in duced changes in the FG in volve sev eral dif -
fer  ent phys  i  cal mech  a  nisms which take place on dif  -
fer ent time scales, with dif fer ent field and tem per a ture
dependencies. The over  all ra  di  a  tion re  sponse of a
flash mem  ory cell ar  ray can be very com  plex. It has,
there  fore, been a prac  tice to in  ves  ti  gate the com  po  -
nents of a flash mem  ory in  di  vid  u  ally. Many dif  fer  ent
in ves ti ga tors  have  stud ied  dif fer ent  parts  of  the  ra di a -
tion re  sponse over a pe  riod of many years [4-9].
We have in ves ti gated gamma ray ef fects on flash 
cell ar  rays by ir  ra  di  at  ing four flash mem  ory mod  els.
The  mem o ries  were pro duced by  var i ous  man u fac tur -
ers and are all cur  rently com  mer  cially avail  able. Re  -
sults ob  tained from these ex  per  i  ments are in  ter  preted
in terms of the in  ter  ac  tion of gamma rays with the
mem  ory cells’ in  ner struc  ture. The tested mem  ory
sam  ples are also com  pared with re  spect to data re  ten  -
tion af  ter gamma ray ex  po  sure.
In ad  di  tion to the TID ef fects, two other types of
ra di a tion  ef fects  en coun tered  in  in te grated  cir cuits  are
sin  gle event ef  fects (SEE) pro  duced by the pas  sage of
heavy ions and the dis  place  ment dam  age, which is
more rel  e  vant for neu  tron and ion beam ir  ra  di  a  tion.
These two kinds of ra  di  a  tion ef  fects are not of in  ter  est
when gamma ray ex  po  sure of flash mem  o  ries is con  -
sid ered.
DE SIGN  AND  OP ER A TION
CHAR AC TER IS TICS  OF
CUR RENT  FLASH  MEM O RIES
A flash mem  ory cell is a MOS tran  sis  tor with an
ad  di  tional in  su  lated polysilicon layer, the so called
float  ing gate (FG), in  ter  posed be  tween the sub  strate
(body) and the con  trol gate (CG), as shown sche  mat  i  -
cally in fig. 1. The interpoly di elec tric be tween FG and 
CG  is typ  i  cally an ox  ide-nitride-ox  ide (ONO) struc  -
ture, con  sist  ing of two lay  ers of SiO2 sandwiching a
thin film of Si3N4. The func  tion of the  interpoly di  -
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at the FG and, at the same time, to pro vide the best ca  -
pac  i  tive cou  pling be  tween the float  ing and the con  trol
gate. The di elec tric sep a rat ing the FG and the sub strate 
is called the tun  nel ox  ide and is usu  ally made of
high-qual ity  SiO2 [10].
Charge stored on the float ing gate de ter mines the 
value of tran sis tor thresh old volt age, mak ing the mem -
ory cell ei ther “on” or “off” at read out. Fig ure 2 shows
the drain cur  rent ver  sus gate volt  age for a FG tran  sis  -
tor. The left curve cor  re  sponds to an “erased” state,
with pos  i  tive or no charge on the FG. The right curve
cor  re  sponds to a “pro  grammed” tran  sis  tor with a net
neg  a  tive charge stored on the FG. When read with a
bias  CG  volt age  in ter me di ate  be tween  the  thresh old
volt  ages of the erased and the pro  grammed state, an
erased cell is “on” and con  ducts a sig  nif  i  cant amount
of cur  rent, whereas a pro  grammed one is “off” and
draws lit  tle or no cur  rent [11]. 
Float  ing gate cells in the mem  ory core form ei  -
ther NOR or NAND ar  rays, pre  sented in fig. 3(a) and
3(b),  re spec tively.  NOR  ar chi tec ture  uti lizes  chan nel
hot elec tron pro gram ming, which con sists of ap ply ing
high volt  ages (~10 V) to both the drain and the CG,
while the source and bulk (sub  strate) are kept at 0 V.
With such bi  as  ing, a large cur  rent (0.3 to 1 mA) flows
through the chan  nel be  tween the drain and the source.
Some of the elec  trons from this cur rent that scat ter off
the crys tal latice to ward the FG have enough en ergy to
over come  the  sub strate-to-in su la tor  bar rier  (Si/SiO2
bar rier of 3.1eV), cross the in su la tor, and reach the FG.
Volt  age ap  plied to the CG es  tab  lishes a field accross
the tun  nel ox  ide that fa  vors the in  jec  tion. Hot elec  tron
in  jec  tion is an in  ef  fi  cient method by which only about
0.001% of the chan  nel cur  rent is di  rected to the FG.
Mem  o  ries with NAND ar  chi  tec  ture rely on a slower,
but more ef  fi  cient and better con  trolled pro  gram  ming
pro  cess, based on cold elec  tron tun  nel  ing. It con  sists
of ap ply ing a high volt age (~20 V) to the CG, while the
drain, source and bulk are grounded. Elec  trons from
the sub strate tun nel  flow through the Si/SiO2 po ten tial 
bar  rier and cross the thin (~10 nm) tun  nel ox  ide. Tun  -
nel  pro  gram  ming re  quires only a very small chan  nel
cur  rent (<1 nA), al  low  ing many cells to be pro  -
grammed at the same time [11]. 
While  their  pro gram ming  mech a nisms  dif fer,
both NOR and NAND de  vices use the tun  nel  ing of
elec  trons from the FG to the sub  strate to erase cells.
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Fig  ure 1. Lat  eral cross-sec  tion of a flash mem  ory cell
Fig ure  2.  Flash  cell's  cur rent-volt age  char ac ter is tic
(drain cur  rent vs. gate volt  age) in the erased and
pro grammed  state
Fig  ure 3. Flash mem  ory cell ar  ray in (a) NOR and
(b)  NAND  ar chi tec tureThe erase op er a tion is per formed on blocks of cells, by 
re  verse bi  as  ing the cells’ CGs with re  spect to the
source (NOR) or the body (NAND).
In NOR architecture, each two neigh  bour  ing
cells share a drain con tact con nected to the bit line (fig. 
3(a). Since a drain con tact has to be pro duced for ev ery 
pair of cells and be  cause hot elec  tron pro  gram  ming
poses a limit on  the short  en  ing of chan  nel and gate
length, NOR mem  o  ries have lower pack  ing densities
than NAND de  vices. The NOR or  ga  ni  za  tion of cells
en  ables fast ran  dom ac  cess at word level and is suited
to read-mostly mem  o  ries for code stor  age.
NAND mem  o  ries have the small  est bit size in
semi con duc tor  in dus try,  ow ing  to  the  ab sence  of  a
drain con  tact for each cell and there be  ing no re  stric  -
tion on chan  nel length im  posed by the pro  gram  ming
mech a nism.  In  ad di tion  to  the  se ries  ar range ment  of
cells in strings (seen in fig. 3(b), mul  ti  ple strings are
con  nected to the same bit lines in par  al  lel (not pre  -
sented in fig. 3(b). Two ad di tional tran sis tors at the top
and bot  tom of each string, con  nected to the so called
drain and source se  lect lines, re  spec  tively, serve to se  -
lect a par tic u lar set of strings from this par al lel con fig -
u ra tion. The read op er a tion is more com plex in NAND 
than in NOR mem o ries, be cause all un se lected cells in
the string con  tain ing the cell to be read must be turned
“on”, while only the se  lected cell is al  lowed to in  flu  -
ence the cur  rent flow through the string. To achieve
this, the gates of the un  se  lected cells are bi  ased at the
so called “pass volt  age”, high enough to keep both
pro grammed and erased cells “on”. The gate of the cell 
to be read is bi  ased at a “read volt  age”, higher only
than the thresh  old volt  age of a pro  grammed cell. The
first ac  cess to a page is slow, be  cause of the time
needed for the drain cur  rent to prop  a  gate through the
whole string of cells. Fur  ther se  quen  tial ac  cess to the
al  ready se lected strings is, how  ever, much faster. This
fact, along with the high pack  ing den  sity, makes
NAND flash mem  o  ries suited to large ca  pac  ity data
stor  age ap  pli  ca  tions that re  quire fast se  rial reads and
writes (such as au  dio or video stor  age), and do not de  -
pend on ran  dom ac  cess [10-12].
EX PER I MEN TAL  SET-UP  AND  RE SULTS
Com mer cial  NAND  de vices  typ i cally  do  not
guar  an  tee 100% good bits, which poses a de  mand for
on-chip er  ror cor  rec  tion cod  ing (ECC) cir  cuitry. In
NOR  ar chi tec ture,  the  man u fac turer  guar an tees  that
each sin  gle bit is func  tional, so that no ECC has to be
im  ple  mented. In some cases, how  ever, an in  ter  nal
ECC trans  par  ent to the user may be pres  ent even in
NOR de vices. This is mainly the case with flash mem -
o  ries with multi-level cells. For our ex  per  i  ments, we
have cho sen to ir ra di ate NOR mem o ries from dif fer ent 
man u fac tur ers.  The  con clu sions  drawn  from  the  anal -
y sis  of  ex per i men tal  re sults  are,  how ever,  valid  for
NAND flash mem  o ries as well, since they con cern ra  -
di  a  tion ef  fects oc  cur  ring at the level of FG cells,
re gard less  of  the  spe cific  ar ray  ar chi tec ture  [11].
Four flash mem ory mod els were in ves ti gated, all 
with 512 kbit stor  age ca  pac  ity: Numonyx M25P05-A
(de  noted Type 1 in this pa  per), Atmel AT25F512B
(Type 2), SST SST25VF512 (Type 3), and Macronix
MX25L5121E (Type 4). Type 1 mem  ory had a
TSSOP8 pack  age, while the other three types were in
8-lead SOIC pack  ages.
The tested mem  ory chips were all pro  grammed
with a “check  er  board pat  tern” of al  ter  nat  ing “on” and
“off” cells be  fore ir  ra  di  a  tion, with pins left float  ing
dur  ing ex  po  sures. In this way, we have ex  am  ined the
in  flu  ence of gamma ray ex  po  sure on the re  ten  tion of
the  in ves ti gated  mem o ries,  i.  e. on their abil  ity to pre  -
serve the stored in for ma tion when there is no bias [13].
Ir ra di a tion was per formed at the  60Co ir ra di a tion
unit  in  the  Lab o ra tory  for  Ra di a tion  Chem is try  and
Phys ics,  Vin~a In  sti  tute of Nu  clear Sci  ences, Bel  -
grade, Ser  bia. The ra  di  a  tion field at the unit is char  ac  -
ter  ized by the ab  sorbed dose rate val  ues in air at var  i  -
ous dis  tances from the source. The dose ab  sorbed by
the mem  ory sam  ples was spec  i  fied by chang  ing the
du ra tion  of  ir ra di a tion  and  the  po si tion  of  the  sam ples
within the field. The ab  sorbed dose in sil  i  con was cal  -
cu  lated  from  the ab  sorbed   dose  in the  air, by us  ing
ap  pro  pri  ate   mass   en  ergy-ab  sorp  tion   co  ef  fi  cients 
for  an av  er  age en  ergy of 60Co gamma rays equal to
1.25 MeV. All tests were per  formed at room tem  per  a  -
ture (25 ºC).
Five sam  ples of each of the four mem  ory types
were ir  ra  di  ated at ev  ery ab  sorbed dose level. The ab  -
sorbed dose (to  tal ion  iz  ing dose) ranged from 1 to
12 kGy, with an in  cre  ment of 1 kGy. The re  sults pre  -
sented herein were ob tained as mean val ues for each of 
the 5-sam  ple batches. Type A mea  sure  ment un  cer  -
tainty as so ci ated with the re sults was about 10% for all 
batches.
Graphs in fig. 4 pres  ent the post-ir  ra  di  a  tion bit
er ror per cent age (i. e. the num ber of bit up sets rel a tive
to the to tal size of 512 kbits) ver sus the ab sorbed dose,
for the four tested mem ory types. All four in ves ti gated
mem  ory mod  els man  i  fested a steady rise of the num  -
ber of bit er rors with dose, up to a dose of about 9 kGy,
af  ter which a sat  u  ra  tion of the bit er  ror per  cent  age is
ob  served (fig. 4). Type 2 mem  ory dem  on  strated a
some what more abrupt rise of the bit er ror count in the
lower dose range, com  pared to the other three types,
al  ready sat  u  rat  ing at 5 kGy. Type 1 mem  ory reached
the high  est bit er  ror per  cent  age at max  i  mum dose
(65%), while the low  est num  ber of bit er  rors was
found in Type 4 mem  ory (42% at 12 kGy). Type 3
mem ory  showed  the  least  sat u ra tion,  sug gest ing  that
for this mem  ory model, the bit er  ror count might have
risen fur  ther at doses above 12 kGy.
Graphs in fig. 5 show the re sults of room tem per -
a  ture an  neal ing for the sam ples ex  posed to the high est
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tored weekly, for a to  tal du  ra  tion of nine weeks. All
four  mem ory  types  ex hib ited  a  mod er ate  re cov ery  of
the stored con  tent, hav  ing be  tween 17% (Type 4) and
32% (Type 2) of bit er rors nine weeks af ter ir ra di a tion.
ANAL  Y  SIS OF THE RE  SULTS
When pass  ing through the ox  ides (tun  nel and
ONO), gamma rays cre ate elec  tron/hole pairs. If en er -
getic enough, these sec  ond  ary charged par  ti  cles can
pro duce  ad di tional  elec tron/hole  pairs.  Gen er ated
elec  trons and holes can ei  ther re  com  bine or be sep  a  -
rated by the elec  tric field pres  ent across the ox  ides,
due to the charge stored in the FG and/or the work
func tion  dif fer ences  be tween  ma te ri als  that  con sti tute
the mem  ory cell [14-16].
The ra  di  a  tion-in  duced charge that evades re  -
com bi na tion gets in jected into the FG. In pro grammed
cells, with elec  trons stored in the FG, the field in the
sur  round  ing ox  ides causes the in  jec  tion of holes into
the FG, which re  com  bine the stored elec  trons and
thereby de  crease the cell’s thresh  old volt  age. The op  -
po  site holds true for erased cells with holes stored in
the FG, in which the thresh  old volt  age rises.
An  other ef  fect caused by gamma rays is the
photoemission from the FG of charge car  ri  ers that get
enough en  ergy to over  come the po  ten  tial bar  rier. The
loss of elec  trons from the FG in pro  grammed cells
causes ad  di  tional de  crease of the thresh  old volt  age,
while in erased cells the re  moval of holes from the FG
fur  ther in  creases the thresh  old volt  age.
The third mech  a  nism that could cause a flash
mem  ory cell’s thresh  old volt  age to change is the trap  -
ping of the charge in the tun  nel ox  ide. This ef  fect is
typ  i  cally small, be  cause of the small thick  ness of tun  -
nel ox  ides in pres  ent-day flash mem  o  ries, but can be
sig nif i cant for post-ir ra di a tion an neal ing. The net sign
of the trapped charge can be ei  ther + or ?, de  pend  ing
on weather elec  trons or holes pre  dom  i  nantly oc  cupy
the trap  ping sites ex  ist  ing within the ox  ide and at
FG/ox ide and ox ide/sub strate in ter faces. The trap ping
mech  a  nism, there  fore, gives rise to a state-de  pend  ent
thresh  old volt  age shift which can change over time,
due to the tun  nel  ling of elec  trons from the sub  strate to
the trap  ping sites [17-21].
The net ef fect of ra di a tion is such that the thresh -
old volt  age is shifted to lower val  ues in “off“ (pro  -
grammed) cells and to higher val  ues in “on” (erased)
cells, mean  ing that both states are li  a  ble to per  tur  ba  -
tion. If the ra  di  a  tion-in  duced shift of the thresh  old
volt  age is large enough, it leads to an er  ro  ne  ous read  -
out of the mem  ory cell’s logic state. Such er  ro  ne  ous
read  outs ap  pear as bit er  rors (up  sets) ob  served in ex  -
per i ments.
The fact that all tested mem o ries ex hib ited a par -
tial  re cov ery  dur ing  room  tem per a ture  an neal ing  sug -
gests that the charge trapped within the tun nel ox ide or
at its in  ter  faces gets com  pen  sated by the charge tun  -
nel  ling from the sub  strate [22, 23].
CON CLU SIONS
The re  ten  tion of four com  mer  cially avail  able
flash mem  ory mod  els af  ter gamma ray ex  po  sure has
been in  ves  ti  gated. The rise of bit er  ror per  cent  age fol  -
low ing the rise of the to tal ion iz ing dose is at trib uted to 
ra di a tion-in duced  ef fects  in  both  the  tun nel  ox ide  and
the interpoly di elec tric of the mem ory cells. A the o ret i -
cal anal  y  sis of these ef  fects in  di  cates that the ra  di  a  -
tion-in  duced shift of the cells’ thresh  old volt  age leans
to  ward lower val  ues in pro  grammed cells, as op  posed
to the higher val  ues in the erased cells. This makes
both cell states sus  cep  ti  ble to per  tur  ba  tions that give
rise to read er  rors ob  served in ex  per  i  ments. Bit er  ror
counts did not dif  fer much among var  i  ous mem  ory
mod  els, mean  ing that the sen  si  tiv  ity to gamma ray ex  -
po  sure de  pends pri  mar  ily on the di  men  sions of ox  ide
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Fig  ure 4. Re  corder val  ues of bit er  ror per  cent  age vs. the
ab  sorbed dose (to  tal ion  iz  ing dose) in the four
in ves ti gated  flash  mem ory  types
Fig ure 5. Room tem per a ture an neal ing of the four tested
flash mem  ory types in the nine weeks fol  low  ing
max i mum  dose  (12  kGy)  ir ra di a tionlay  ers which are nearly equal for the four tested mem  -
ory types, since they all be long to the same tech nol ogy
node.  Par tial  room  tem per a ture  an neal ing  of  ra di a -
tion-in  duced bit er  rors has been ob  served in all four
mem o ries  and  is  at trib uted  to  a  grad ual  com pen sa tion
of the charge trapped in the ox  ide by elec  trons tun  nel  -
ling from the sub  strate.
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Edin ]. DOLI]ANIN
UTICAJ  GAMA  ZRA^EWA  NA  NIZOVE  ]ELIJA  U  FLE[  MEMORIJAMA
Podaci uskladi{teni u fle{ memoriju fizi~ki su predstavqeni odsustvom ili
prisustvom naelektrisawa na elektri~no izolovanim plivaju}im gejtovima. Interakcija gama
zraka sa izolatorima koji okru`uju plivaju}i gejt stvara efekte koji pogor{avaju osobine
memorijskih }elija i mogu da izmene upam}en sadr`aj. Kumulativna priroda ovih efekata
izra`ava se ukupnom dozom jonizacije koju gama zraci deponuju u izolatorima oko plivaju}eg gejta.
Oslawawem na teoriju i eksperiment, u ovom radu je analizirana osetqivost komercijalno
dostupnih fle{ memorija na izlagawe gama zracima, u zavisnosti od karakteristika wihovih
}elija. Uzorci memorija vi{e proizvo|a~a, trenutno zastupqenih na tr`i{tu, upore|eni su sa
stanovi{ta o~uvawa podataka pri ozra~ivawu.
Kqu~ne re~i: fle{ memorija, gama zraci, plivaju}i gejt, ukupna jonizaciona doza